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Abstract 
Persistent Scatterer Interferometric Synthetic Aperture Radar (PS-InSAR) is a remote 
sensing technique used to detect and monitor surface displacement (uplift or subsidence) by 
comparing sequential satellite radar images. Persistent  scatterer of interest can be identified 
on these radar images allowing the tracking of movement through time. This technique is 
gaining importance due to unique features such as its cost-effectiveness, millimetre 
accuracy, no need of equipment installation in-situ, coverage of large areas, as well as the 
possibility of analysing past time series data. In this paper, PS-InSAR is implemented to 
investigate the damage that occurred at the Saint Vincent’s church during the coal mining 
activity in Zolder, Belgium, which started in 1930 and stopped in 1992. Satellite images for 
this zone are available from 1992 to 2000 (ERS-1/2) and from 2003 to 2010 (Envisat) with a 
radar image every 35 days. Therefore, currently, only residual settlements of the coal mining 
activity can be analysed with Persistent Scatterer InSAR data. PS-InSAR results, in the area 
of the church, show that during 1992-2000 the soil presented settlements about -4.0 
mm/year; however, during 2003-2010 the soil presented uplift about 5.6 mm/year, 
presumably caused by mine water rise. The results show that the damage of the church 
might have been caused by differential settlements induced by the activation of a normal 
fault during the coal mining activity. 
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1. Introduction 
 
During the early nineties, the final closure of the collieries located in the Belgian Campine 
basin took place. The extraction of coal for industry involved removal of material from the 
deep subsoil and pumping of mine water which stopped along with the closure, causing a 
paramount impact on the behaviour of the soil during the following years. Nowadays, these 
abandoned mines are partially flooded by rising mine water and many projects have been 
proposed in order to re-use them, for instance to store industrial residues [1].  
It is well known that water pumping causes a progressive reduction of the piezometric 
profiles which increases effective stresses in the soil inducing consolidation. In some areas 
of Mexico City, for instance, the rate of subsidence reaches -400 mm/year (an accumulated 
value of 13.5m since 1862) due to the exploitation of underground aquifers [2]. During the 
coal mining activity in the Belgian Campine basin, large regional subsidence might have 
occurred mostly due to the excavation of the coal seams as well as the increase of soil 
effective stress following pumping of ground water. This subsidence generally is not spatially 
uniform due to many factors such as variation of soil properties, non-uniform thickness of 
compressible soil layers, geological faults, etc, inducing differential settlements and therefore 
damage on buildings founded on the shallow soil. 
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The coal mining industry has generated many important buildings such as the coal plants in 
Beringen and Waterschei. These buildings currently constitute the rich cultural heritage of 
this region, although many buildings have been demolished. As it was known that large 
settlements could occur in coal mining areas, most buildings were designed to withstand or 
accommodate these settlements. However, older historical buildings, such as the Medieval 
Saint Vincent’s church were not. In this paper, persistent scatterer interferometric synthetic 
aperture radar (PS-InSAR) has been used to analyse the ground deformation along the 
Belgian Campine basin during 1992-2001 (ERS-1/2) and 2003-2010 (Envisat). The 
settlement profiles obtained from ERS-1/2 have been correlated with the damage pattern 
reported in Saint Vincent’s church, a fourteenth century church which showed important 
settlement-induced damage during the late seventies and early eighties and which was 
subjected to structural interventions in 2000-2004. 
 
2. Geological Characterization and Coal Mining Activity  
 
The Belgian Campine basin belongs to the large Carboniferous coal basin of northwest 
Europe, which is characterized by a Cambrian-Silurian basement rocks. The carboniferous 
of the Campine basin is subdivided by a N-S striking fault system into two sub-basins, each 
of which shows a different sedimentological history [1]. The shallower part of the basin, 
geographically located in the Belgian province of Limburg, was extensively used for coal 
mining during the 20th century. The mining activity took place in an area of approximately 
300 km2 split into  9 concessions (Figure 1). A total remaining volume of 35 million m3 has 
been calculated for the former collieries, which are situated approximately between 450 and 
1050 m depth interval [1]. The last active Campine coal mines were closed down in 1992 
after roughly nine decades of production. To the south-east, the Campine colliery continues 
into the Dutch Zuid-Limburg colliery district which stopped producing earlier in 1974. 
 
 
Figure 1. Concessions of former collieries in the Campine basin showing the location of 
Saint Vincent’s church in Zolder (concession Oostham never was exploited). Subcrop map 
of Palaeozoic series and important geological faults (adopted from [1, 3]) 
The pumping of water, in order to keep active mines dry, was stopped within a time interval 
of five years among the eastern (1986-1988) and western (1991-1992) side of the Campine 
basin [3]. Afterwards, a gradual rise of water into the former collieries started. Since 
monitoring has not been performed, the water pressure rate is not certainly known; however, 
it is assumed that currently most mines in the basin are partially water-filled [1]. There is no 
evidence that the damage presented in Saint Vincent’s church increased after stopping 
pumping water and closure of the Zolder mine concession (1992); however, in the Dutch 
Zuid-Limburg colliery district, lagging mining damage is being identified and seems to be 
linked to the ongoing mine water rise [4].  
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3. Description of Saint Vincent’s church and Damage Survey 
 
Saint Vincent’s church is located in the Zolder municipality in the Belgian province of 
Limburg (Figure 1). The original Romanesque church was replaced during the 14th century 
by a single-nave Gothic church, which was enlarged later in the 16th century. In 1889, the 
church was expanded, two aisles were built in Gothic Revival style transforming it into a 
three-aisled hall church (by Architect George Helleputte) [4]. The church is entirely protected 
as a Monument since 1996. The bottom part of the square three level tower remains from 
the original construction and is made of ferruginous sandstone masonry (Figure 2), whilst the 
walls, buttresses and rest of the tower are made of marlstone. The main nave is composed 
by four bays. The church has a system of pitched roofs (gable) supported on timber trusses. 
 
 
Figure 2. Picture of Saint Vincent's church 
 
Figure 3. Settlement cracks in the arcade 
and floor next to the entrance in 1981 [5] 
The main events, structural problems and interventions are briefly shown in the list below [6]: 
 1930: Start of the exploitation of the coal mines in Zolder 
 1950s: Repairs and temporal stabilization made by the coal mining company NV 
Kempense Steenkoolmijnen.  
 1979: damage presented in the church is confirmed to be caused by ground differential 
settlements due to collieries operations. 
 1981-1983:  
 An overall stability assessment was performed, reporting two pronounced settlement 
cracks crossing transversely the church, which were also visible from the outer and 
inner wall surfaces. The floor and walls presented extensive damage (Figure 3 and 
Figure 4). The columns in the nave presented visible inclination. 
 Collapse was foreseen. Closure of the church to the public. 
 Accumulated settlement reached -1,58 m in the entrance zone from 1954 to 1982 [6]. 
 1985: The roof above the southern aisle was dismantled. The exterior southern wall was 
shortened. Anchorages and protection systems were implemented. 
 1987: No significant movement was observed since 1987. 
 1992: Closure of coal mines in Zolder. 
 1992-2000: Synthetic aperture radar (SAR) images are available from satellite ERS-1/2. 
 2000-2004:  
 Foundation intervention including construction of basement walls and six pillars under 
the columns (Figure 4).  
 Repair of all interior and exterior walls and re-construction of the right aisle and roof. 
 The whole flooring was removed and renewed. 
  CSHM-6 
  Belfast - May 2016 
 2004: Church is re-opened to the public. 
 2003-2010: SAR images are available from satellite Envisat. 
 2016: No new structural damage is observed during a recent visual inspection. 
 
By 1981, it was known that geological faults were present in the surroundings of the church 
(Figure 1). The report of the stability assessment, made in that period, states that the coal 
mining activity might have induced those geological faults to become unstable which caused 
some fractures on the surface, two of which crossed the church from northwest to southeast 
(Figure 4). The fault lines were very well identified and their relative movement matched with 
the deformations and crack pattern presented in the building. By that time, the southern 
facade reached a differential vertical movement of 0.24m over a distance of barely 8.5 m. 
 
 
 
Figure 4. Damage map and foundation intervention. Plan view (left). Profile of southern aisle, 
a-a’ (right). (Adopted from [6]). 
 
4. PS-InSAR analysis 
 
Synthetic Aperture Radar (SAR) interferometry is gaining importance to study ground 
deformation not only on metropolitan areas such as Rome [7], Mexico City [8], Bologna [9], 
etc; but also on cultural heritage infrastructures such as Roman aqueducts [10], churches 
[11], convents [12], among others. Unlike standard SAR interferometry, Persistent Scatterer 
SAR Interferometry (PS-InSAR) provides a time series of ground displacements for 
individual persistent scatterers by comparing sequential satellite radar images allowing to 
investigate temporal variations of the deformation rate, which might be paramount to adopt 
suitable mitigation measures. Other unique features of this technique are cost-effectiveness, 
millimetre accuracy, no need of equipment installation in-situ, coverage of large areas and 
possibility of analysing past monitoring data. A detailed description of the PS-InSAR 
technique can be found in [13].  
 
The PS-InSAR technique allows the identification of constant natural/artificial reflectors on 
earth, for example roads, rock masses, roof surfaces, concrete structures, etc, which act as 
permanent reflectors (Persistent Scatterer, PS) with respect to the microwave wavelengths 
generated and sent by the satellite sensors. A set of SAR scenes covering an Area of 
Interest (AOI) are processed to create multiinterferograms which allow the detection of 
spatial position changes for each PS along the Line Of Sight (LOS) of the satellite and an 
estimation through time of the LOS component of the real displacement vector, which 
geometrically describes the displacement of the reflector point. The final output of the 
technique includes the next features for each PS [12]: 
a)  Longitude and latitude coordinates 
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b) Annual deformation velocity VLOS (in mm/year) and related standard deviation 
c) Deformation time series (in mm) related to the sampling frequency of the satellite 
d) PS coherence (from 0 to 1), which is one of the quality parameters together with the 
standard deviation. It gives a measure of how much the single time series fits with the 
deformation model used for the PSI processing.  
 
Sixty-eight scenes from satellite ERS ½ and sixty-six scenes from satellite Envisat, acquired 
from August 1992 to December 2000 and from December 2003 to October 2010, 
respectively, were processed by Geological Survey of Belgium using the PS-InSAR 
technique in order to detect and map extended vertical ground deformations (settlement or 
uplift). The spatial distribution of PS with related features were imported into QGIS (a 
geographical information system software) for the studied area and analysed at different 
scales. PS density in Zolder municipality is about 100 PS/km2 in the urban area.  
 
It is important to notice that the monitoring period corresponds to the period after closure of 
the mines; therefore, the monitored deformation rate is related to lagging mining effects. 
Figure 5 shows the annual average velocity of ground deformation (VLOS) of PS in the 
eastern part of the Belgian Campine basin where former collieries concessions were located. 
During the period of 1992-2000 (following the closure of the mines), while a residual 
subsidence phenomenon was occurring on the western area (up to -16.1 mm/year) 
corresponding to the former collieries of Beringen and Zolder, an uplift phenomenon was 
taking place on the eastern collieries (up to 21.1 mm/year). From 2003 to 2010, the whole 
coal mine area was subjected to uplift up to 13.5 mm/year.   
 
Figure 6 presents the PS spatial distribution and corresponding VLOS over the Zolder 
municipality for the periods of 1992-2000 and 2003-2010. Two deformation cross sections 
were considered: A-A’, along the geological faults and damage pattern on the floor of Saint 
Vincent’s church (see Figure 1 and Figure 4) and B-B’, perpendicular to them. The relative 
deformation profiles, in mm, (Figure 7) were obtained multiplying the VLOS average (after 
linear regressions) of the PS inside squares with a side of 200  m along the cross sections 
with coherence higher than 0.7 by the corresponding monitoring period. The relative 
deformation profiles for both periods are composed such that each point on the graph 
represents the average displacement of all the PS within one square.  
 
As expected, residual subsidence occurred during the period of 1992-2000 reaching 
deformation values between -43.5 and -27.4 mm along the fault direction (A-A’) and between 
-59.4 and -29.5 mm in the direction perpendicular to the fault (B-B’). Differential settlements 
are larger in the direction perpendicular to the fault lines (B-B’). There is an important slope 
variation point in the B-B’ deformation profile exactly in the church location, which indicates a 
clear differential settlement trend in this zone related to the normal displacement of the fault. 
During the period of 2003-2010, uplift took place in Zolder with deformation values ranging 
between 42.5 and 30.5 mm along the fault direction (A-A’) and between 35.2 and 55.0 mm in 
the direction perpendicular to the fault (B-B’). The deformation profiles for this period do not 
show important differential displacements around the church; however, the uplift rate is 
slightly higher towards the north-east of the church (towards B’). 
 
Figure 8 shows the PS spatial distribution in the church and surroundings as well as the 
deformation time series for both periods. The ERS ½ time series (1992-2000) show four 
downwards moving PS located within the contour of the church, with a negative linear 
displacement trend, reaching a total settlement value of -29.5 mm, and an average VLOS of    
-3.52 mm/year. During the coal mines exploitation, the subsidence rate is assumed to be 
much higher, as an accumulated settlement of -1.54 m was reached within the church 
entrance zone from 1954 to 1982, which would correspond to a calculated deformation rate 
of -56 mm/year [6]. On the other hand, three upwards moving PS points were identified in 
the ENVISTAT data, with a positive linear displacement trend, reaching a total uplift value of 
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36.1 mm, and an average VLOS of 5.3 mm/year. The figure also includes the coherence of 
each of these PS which is higher than 0.7. At this scale, the limited amount of data and 
scatter on the displacement values do not allow for an identification of relevant differential 
settlements. 
 
 
Figure 5. Annual deformation velocity VLOS of PS in the eastern part of the Belgian Campine 
basin (negative values mean subsidence and positive values mean uplift) 
1992-2000 (ERS ½) 
 
2003-2010 (ENVISAT) 
 
Figure 6. PS spatial distribution and corresponding VLOS over Zolder municipality                
for 1992-2000 and 2003-2010 periods. (© Bing map in background) 
  
Figure 7. Relative deformation profiles along Zolder for 1992-2000 and 2003-2010 periods. 
Sections A-A’ (left) and B-B’ (right). (see Figure 6) 
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1992-2000 (ERS ½) 
 
2003-2010 (ENVISAT) 
 
  
Figure 8. PS spatial distribution and corresponding VLOS over Saint Vincent’s church and 
surroundings (up) and deformation time series of the PS on the building (down) for 1992-
2000 and 2003-2010 periods (© Bing map in background)  
5. Diagnosis 
The eastern coal concessions were closed down several years before the western ones (the 
last coal colliery to be closed was Zolder in 1992). The groundwater pumping stopped during 
1986-1988 in the eastern collieries and during 1991-1992 in the western ones. It might have 
caused an earlier recovery of piezometric levels in the eastern coal concessions inducing the 
early uplift phenomenon. Moreover, each side of the concessions is located in different 
aquifers separated by an important geological fault (Figure 1), which might have influenced 
as well in the different behavior of the aquifers and earlier uplift in the eastern side.   
PS-InSAR results show that Zolder was subjected to subsidence for the period between 
1992 and 2000; however, literature indicated that this subsidence had started several 
decades before, during coal mining activity. Deformation profiles for this period show an 
important differential settlement trend in the area where the Saint Vincent’s Church is 
located, in direction southwest-northeast (B-B’) that coincides with the direction of movement 
of the presented normal geological fault as well as with the damage pattern. The coal mining 
activity might have induced the geological faults to be active and caused subsequent 
differential settlements and severe stability problems to the Church. Moreover, the subsoil is 
likely composed of different layers of Cenozoic compressible fine deposits favorable for 
consolidation, which might have influenced also the differential settlements (further 
geotechnical survey is required to validate this statement). Results show that between 2001 
and 2003 (where no monitoring data is available), the ground subsidence behavior over 
Zolder stopped and an uplift phenomenon started taking place. The ongoing underground 
water rise has likely induced the regional uplift which might be still occurring today.  
6. Conclusions and remarks 
The PS-InSAR data should permit to perform a ground deformation analysis and 
interpretation at different spatial scales, allowing its correlation with the damage pattern in 
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large buildings. The obtained deformation data at regional scale seem to be in agreement 
with the processes involved in the lagging effects of the coal mining activity. The results 
showed that during the period 1992-2000, the area where the church is located and 
surroundings were subjected to differential settlements following the movement of a normal 
geological fault which likely was more active during the coal mines exploitation. The results 
also showed that the average subsidence rate at the church’s location during 1992-2000 
was much less than the average subsidence rate reported in literature during the period 
1954-1982 (when the Zolder colliery was still actively producing). However, at small scale, 
the accuracy of the presented data was not sufficient to detect local differential settlements.  
 
Since many authors such as [3,10] have proven that ground deformations measured with 
PS-InSAR are correlated with ground water level changes, future work will include the 
analysis of piezometric profile evolutions in the area as well as the detailed soil stratigraphy. 
As the resolution of the presented data was not sufficient to allow an analysis of individual 
PS at smaller scale, other SAR satellites such as TerraSAR-X and COSMO-Skymed will be 
applied to improve the PS resolution allowing to get updated results with higher accuracy, 
also at the scale of the individual building.  
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